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A primary goal in volcano seismology is to find reliable precursory signals to volcanic eruptions. Hence it is of paramount importance to understand the physical processes which underlie the diverse range of seismic events supported by volcano edifices. Broadly these events can be divided into four groups (i) volcano tectonic (VT) earthquakes, (ii) Long 3 Period (LP) events, (iii) very long period (VLP) events and (iv) seismic tremor 1 . Whilst
VTs resemble tectonic earthquakes in signal character and are thought to be caused by brittle failure of the edifice 2 , LPs, VLPs and tremor are usually interpreted in terms of fluid driven processes. In particular, the current universally applied models for LP events require that they are necessarily associated with either fluid-filled crack 3, 4 or conduit 5, 6 resonance, triggered by rapid disturbance of the fluid-filled structure (e.g. a fluid pressure fluctuation in a sub-surface conduit or dynamic excitation by a local VT earthquake). As fluids are thought to participate actively in the source process, mechanistically this sets all LPs apart from both VT and tectonic earthquakes, forming a distinct earthquake class which is viewed with considerable interest in terms of our understanding of the shallow volcano 'plumbing system' 7, 8, 9, 10 . Their increased frequency of occurrence is regularly used as a key component in eruption forecasting 2 .
Seismic source versus path effects
LPs have lower seismic frequencies than VTs, typically 0. (Fig. 1b, Supplementary Fig. S1 ). In fact, we were unable to identify long duration LP events at summit stations in these datasets amongst many thousands of pulse-like LPs.
Hence, on several volcanoes, we have identified short duration pulse-like LP populations which masquerade as classical long-duration LP events if recorded > c. 500 -800 m from the epicentre. We conclude that the long seismogram durations in these data are purely path related. Based on waveform analysis, Harrington and Brodsky 14 arrived at the same conclusion for some hybrid volcano seismic events. A literature search reveals that shallow LPs are almost universally recorded at epicentral distances > 500 m on standard volcano networks, which usually lack summit stations for operational reasons. Hence nonresonating LP sources could be commonplace but further specific field experiments will be needed to detect them. Three location methods applied to the 2008 Mt Etna data 15 show that these LP events are shallow: < 800 m and < 600 m depth beneath the summit for families 1 5 and 2, respectively. Moment tensor solutions for both 2008 LP families favour a predominantly tensile crack mechanisms 16 with the possibility of a shear component. Both LP families occur on cracks with very similar strikes (approximately WSW-ENE) however the failure planes for both families are orthogonal in conjugate sets of fractures, which is why their seismograms differ leading to two distinct families ( Supplementary Fig. S2 ). We cannot unequivocally distinguish between crack opening and closing, although displacement seismograms favour an opening mechanism.
Dry failure of the edifice?
The pulse-like nature of the LP signals in this study is difficult to reconcile in terms of a fluid-driven crack model. It would require specifically tuned choices of crack stiffness and/or seismic wave attenuation, to dampen resonance. This difficulty is compounded by independent results from laboratory experiments, which demonstrate that the presence of fluids in the source process leads to long duration monochromatic signals 17, 18 , which, as demonstrated, we do not see as a source signature in these short duration pulse-like field data. Specifically, 'wet' and 'dry' laboratory experiments designed to determine unequivocal seismological discriminators between fluid-driven LP seismicity and brittle (VT) events reveal that 'wet' experiments generate long duration resonating 'classical' LPtype signals whereas the 'dry' experiments produce VT-like brittle failure events 17 .
Importantly, the source corner frequency (fc) for the 'dry' experiments scales with event size as 1/fc 3 (19) , consistent with brittle failure theory 20 . In contrast, the fluid driven laboratory events do not show any clear fc scaling with event size 19 , consistent with current applications of a fluid driven crack model, where frequencies for a crack of a fixed size are 6 controlled by the crack's geometry and stiffness, not seismic moment (if the crack size was allowed to vary in these models, scaling would be observed). 
Volcano seismicity and other 'slow-rupture' observations
Crack dimensions for field data can be estimated using an expression for the radius of an expanding circular tensile crack 34 r=1.99*V s /(2π*fc). Taking V s =950m/s and fc=0.72 (Fig.   2) gives a circular crack diameter of c. 800 m. This estimate is broadly consistent with the dynamic rupture simulation results (Fig. 3) and the vertical dimension of the near surface low velocity zone (< 1 km), which we argue herein limits rupture speeds and stress accumulation in quasi-brittle failure events leading to low frequency seismic radiation even for small faults. The past decade has seen the discovery of a wide range of slow-earthquake Apuani et al 33 undertook comprehensive field studies and laboratory experiments to determine the physical and mechanical properties of near surface deposits at Stromboli volcano, Italy. Their key finding is that bulk deposits are both compliant and weak. Using the damage mechanics model of Amitrano 38 we simulate seismicity in an equivalent material, figure 4a. A surprising result is the emergence of swarms of very low stress-drop events rather than discrete higher stress-drop individual failures, very similar in character to our low stress-drop LP families (swarms). We also see diffuse damage in these seismicity simulations, consistent with the observed spread in LP hypocentres, which are not localised on an individual structure 13,15 -but are sufficiently close to display similar waveforms, when they share the same focal mechanism. Unexpectedly, model failure-size distributions (seismic 'b-values') show non power-law scaling, with a deficit of larger events, which we determine is primarily controlled by the low internal friction angle of the material. While the stress-strain relationship in figure 4a has the characteristics of ductile behaviour, it is accompanied by seismicity, which demonstrates that the material sits at the brittle-ductile transition and appears to be unable to sustain the high stresses required for larger seismic events. Seismic 'b-values' for LP seismicity at Mt Etna and Turrialba, Costa Rica (data collected during a summit deployment in 2009), exhibit similar behaviour (Fig. 4b) suggesting that the swarms (often forming families) of low stress-drop pulse-like LP events are a consequence of failure in material close to the brittle-ductile transition. Here, as in weakly cemented sand 39 , we suggest that quasi-ductility in shallow (< 1 km depth) volcanic 
